The Abelson helper integration site 1 (AHI1) gene has a pivotal role in brain development. Studies by our group and others have demonstrated association of AHI1 with schizophrenia and autism. To elucidate the mechanism whereby alteration in AHI1 expression may be implicated in the pathogenesis of neuropsychiatric disorders, we studied Ahi1 heterozygous knockout (Ahi1 þ / À ) mice. Although their performance was not different from wild-type mice on tests that model classical schizophreniarelated endophenotypes, Ahi1 þ / À mice displayed an anxiolytic-like phenotype across different converging modalities. Using behavioral paradigms that involve exposure to environmental and social stress, significantly decreased anxiety was evident in the open field, elevated plus maze and dark-light box, as well as during social interaction in pairs. Assessment of core temperature and corticosterone secretion revealed a significantly blunted response of the autonomic nervous system and the hypothalamicpituitary-adrenal axis in Ahi1 þ / À mice exposed to environmental and visceral stress. However, response to centrally acting anxiogenic compounds was intact. On resting-state functional MRI, connectivity of the amygdala with other brain regions involved in processing of anxiogenic stimuli and inhibitory avoidance learning, such as the lateral entorhinal cortex, ventral hippocampus and ventral tegmental area, was significantly reduced in the mutant mice. Taken together, our data link Ahi1 under-expression with a defect in the process of threat detection. Alternatively, the results could be interpreted as representing an anxiety-related endophenotype, possibly granting the Ahi1 þ / À mouse relative resilience to various types of stress. The current knockout model highlights the contribution of translational approaches to understanding the genetic basis of emotional regulation and its associated neurocircuitry, with possible relevance to neuropsychiatric disorders.
INTRODUCTION
There is compelling evidence that many psychiatric disorders have their origins in disturbed neurodevelopment. 1, 2 Specifically, structural and functional disconnectivity in schizophrenia (SCZ) and autism may be caused by defects in cell migration in specific brain areas. 3, 4 These perturbations may manifest across an array of behavioral domains (cognitive, affective, social, motor and perceptual) that characterize the wide spectrum of neuropsychiatric disorders. 5 There is a considerable genetic risk for SCZ and autism, and many of the genes implicated have crucial roles in neurodevelopmental processes. 6 On the basis of these findings, it has recently been postulated that different neurodevelopmental insults may eventually lead to similar (endo)phenotypic endpoints. 7 From this perspective, the Abelson helper integration site 1 (AHI1) gene emerges as a promising candidate gene for neuropsychiatric disorders. Loss-of-function mutations in this gene are associated with a severe neurodevelopmental disorder called Joubert syndrome (JS), characterized by agenesis of the cerebellar vermis and mental retardation. 8, 9 The AHI1 protein Jouberin (Jbn) contains seven Trp-Asp (WD) repeats, a Src homology 3 (SH3) domain and a coiled-coil domain. 10 Although conserved in mammals, Jbn's accelerated evolution in the human lineage indicates a role in cognitive (dys)function. 11 Jbn is highly expressed in mammals throughout the developing brain, with lower expression continuing into adulthood. 12, 13 Recently, Jbn has been localized to the primary cilium, a highly conserved organelle central to the regulation of cellular signaling pathways. 14 Emerging data have also suggested a role for Jbn in key neurodevelopmental pathways such as the Wnt-b-catenin and Trk-BDNF (brain-derived neurotrophic factor) pathways. 15, 16 In a recent Ahi1-null mouse model, mice displayed defective cerebellar midline fusion, similar to MRI findings from human fetuses with JS. 17 These mice also failed to form outer retinal segments and demonstrated cystic kidney disease. 18, 19 Taken together, these data emphasize Ahi1's extensive developmental role, from essential cellular signaling organelles, such as the primary cilium, to neuronal networks and complex organ systems.
Previous work by our group discovered significant association of the AHI1 gene with SCZ, 20, 21 which was later replicated in large European case control samples. [22] [23] [24] In addition, association of AHI1 with autism has been reported. 25 These genetic findings, along with its key neurodevelopmental role, make AHI1 a novel and exciting candidate gene for SCZ and autism. 26 However, mouse models linking altered expression of Ahi1 to SCZ or autism have not been published. One recent study demonstrated that mice with a brain-specific homozygous Ahi1 knockout manifest depressive-like phenotypes. 27 Although complete loss of function is rare and often leads to extreme phenotypes, as is the case for JS and the related Ahi1-null mouse models, SCZ and autism are often associated with more subtle differences in gene expression. 28 Regarding AHI1, modest alterations in brain expression have been correlated with autism 29 and age of SCZ onset. 30 Therefore, focusing on a mouse model with reduced rather than deficient Ahi1 expression makes sense from the biological standpoint, as it may bear a closer resemblance to the mechanisms by which genetic variation at the AHI1 locus may influence susceptibility to neuropsychiatric disorders.
In this paper, we provide a comprehensive behavioral phenotyping of the Ahi1 heterozygous knockout (Ahi1 þ / À ) mouse. Although performance of the Ahi1 þ / À mouse on paradigms that model classical endophenotypes of SCZ was not different from wild-type (WT) controls, the Ahi1 þ / À mouse displayed a consistent anxiolytic-like profile during exposure to various forms of stress. As the Ahi1 þ / À mouse retained a normal level of trait anxiety and a normal physiological stress response during pharmacological challenge, our data suggest that decreased Ahi1 expression is associated with a defect in threat detection. Alternatively, the anxiolytic-like profile could represent an endophenotype related to anxiety, possibly highlighting a genetic variant that confers resilience to environmental stress. Finally, although decreased Ahi1 expression was not associated with structural brain anomalies in the current model, resting-state functional magnetic resonance imaging (rsfMRI) suggested that disruption of normal amygdalar connectivity may underlie the distinct anxiolytic-like phenotype.
MATERIALS AND METHODS

Generation of the Ahi1
þ / À mouse line Chimeric mice carrying a gene-trap vector at the Ahi1 locus were purchased from the Mutant Mouse Regional Resource Centers (California, USA). Details of the gene-trap procedure have been described elsewhere. 31 Briefly, a gene-trap vector containing a splice-acceptor sequence upstream of the b-geo reporter gene (a fusion of b-galactosidase and neomycin phosphotransferase II) was introduced into mouse ES cells (Sanger Institute Gene Trap Resource ES Cell Lines). Positive ES cells containing the targeted vector were then injected into C57B1/6J blastocysts to generate chimeric mice. Chimeric males were backcrossed with WT mice (C57BL/6) to generate heterozygous Ahi1 knockout mice (Ahi1 þ / À ). Ahi1 þ / À males were then backcrossed to WT (Ahi1 þ / þ ) females for five generations to achieve homogenous C57B1/6J background. In generating mice for the experiments, we used a WT Â heterozygous breeding scheme. By using littermates as controls, this strategy excludes possible maternal effects on behavior of the adult offsprings. Moreover, females were always used as the WT for breeding, thus avoiding a possible bias due to differential imprinting across genders. All animal procedures were approved by the Hebrew University Institutional Animal Care and Use Committee.
Experimental design
Before behavioral testing, mice were housed at the Hebrew University Reproduction Unit under specific pathogen-free conditions with a 12-h light/dark cycle. Food and water were provided ad libitum. All experiments were conducted during morning hours (0900-1200 hours). Several groups of 2-month-old male mice underwent distinct experimental batteries: (i) dark-light box, elevated plus maze (EPM) and prepulse inhibition (PPI) experiments (n ¼ 46); (ii) open field (OF) (n ¼ 20); (iii) sociability (n ¼ 20); (iv) social interaction in pairs and stress-induced hyperthermia (SIH, n ¼ 48); rsfMRI and environmental stress-induced corticosterone (CORT) secretion (n ¼ 40); (v) free exploratory paradigm (FEP, n ¼ 30); (vi) anxiogenic-drug-induced CORT secretion (n ¼ 70); (vii) qRT-PCR, western blot and histological studies (n ¼ 20). An additional group of mice (n ¼ 30) underwent the EPM and SIH experiments at the age of 4 months. Ten newborn mice were killed for western blot. In each group, experiments were conducted in a fixed order and on separate days using counterbalanced groups.
Behavioral measures
Acoustic startle response. Adapted from Cohen et al., 32 pairs of mice were placed inside two designated startle chambers equipped with movement detectors. After acclimatization to background noise, acoustic trial stimuli were presented and mean startle amplitude calculated (additional details relating to behavioral methods can be found in the Supplementary Materials and Figures).
PPI of the acoustic startle response. Using the same startle chambers, the PPI procedure was adapted from Lipina et al. 33 Briefly, mice from both genotypes were injected intraperitoneally with vehicle. After 30 min, pulsealone and prepulse-pulse trials with varying prepulse intensity were delivered, and the percentage of PPI induced by each prepulse intensity was calculated. After 1 week, the same mice were injected with MK-801 0.15 mg kg À 1 and the same procedure was repeated.
Sociability. Following the paradigm described by Moy et al., 34 preference of the tested mouse to explore a chamber containing an unfamiliar mouse held inside a wire cage vs a chamber containing an empty wire cage was evaluated.
Open field. The apparatus consisted of a square arena measuring 50 Â 50 Â 33 cm under 15 lux illumination. Mice from both genotypes were allowed to explore the arena for 6 min, while their location was tracked and recorded by a video camera positioned overhead. Using Ethovision (Noldus Information Technologies, Wageningen, The Netherlands), the time spent in the central zone of the arena (10 Â 10 cm) was extracted.
MK-801-induced hyperlocomotion. Using the apparatus described above, mice from both genotypes were injected intraperitoneally with MK-801 0.15 mg kg À 1 or saline. After 30 min, animals were allowed to explore the arena for 6 min while their movements were recorded. Elevated plus maze. The apparatus consisted of four arms (30 Â 5 cm each) extending from a central platform (5 Â 5 cm). One set of arms, opposing one another, were enclosed by a 15-cm wall ('closed arms'), while the other set was open with a 1-cm ledge on either side ('open arms'). The maze was elevated 75 cm above ground with illumination set 15 lux. Mice from both genotypes were placed in the central platform and allowed to explore the maze freely for 6 min. Entry into an arm was scored when the center of mass of the animal had entered an arm. Using Ethovision, the time spent and entries into each arm were extracted for analysis.
Social interaction in pairs. Pairs of unfamiliar mice of the same genotype were introduced together inside a 30 Â 30 Â 20-cm transparent Plexiglas box. Throughout the 15-min test, the duration of social contacts was manually scored by two independent blinded observers. The same animal pairs were then reintroduced into the same arena the next day, and the procedure was repeated.
Free exploratory paradigm. Following the design described by Griebel et al., 35 the apparatus consisted of a Plexiglas box (30 Â 20 Â 20 cm), divided into two compartments separated by a removable partition. 24 h before testing, mice from both genotypes were individually housed in one-half of the apparatus to become familiarized with it. On the test day, the partition was removed and the mouse was free to explore the entire apparatus for 15 min. Using Ethovision, the time spent in the novel compartment and total distances traveled were extracted.
Forced swim test. Following the design described by Lifschytz et al., 36 each animal was placed in a 21 cm (diameter) Â 46 cm (height) Plexiglas cylinder filled with 15 cm water at 25 1C for a 6-min test period. The activity of the animal was manually scored at 5-s intervals as active (swimming) vs inactive (immobile) by two independent blinded raters.
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Physiological measures of anxiety
Stress-induced hyperthermia. Following the design used by Bouwknecht et al., 37 a stainless steel rectal probe for mice (Harvard Apparatus, Holliston, MA, USA) was dipped in mineral oil and inserted into the rectum. Using a Thermalert TH-5 thermometer (Physitemp, Clifton, NJ, USA), temperature was measured in mice from both genotypes at baseline and 10 min later, with hyperthermia resulting from the stress induced by the first measurement.
Activation of the hypothalamic-pituitary-adrenal (HPA) axis. CORT secretion induced by environmental stress was measured using four parallel groups (Ahi1 þ / þ vs Ahi1 þ / À , control mice vs mice exposed to the mild stress induced by the novel environment during the 6-min EPM test). CORT secretion induced by the anxiogenic drugs pentylenetetrazole (PTZ) and caffeine was measured using six parallel groups (Ahi1 
Statistical analysis
Quantitative parameters were compared between Ahi1 þ / þ and Ahi1 þ / À mice using non-paired t-test. Qualitative parameters were compared using the Chi-square test. In experiments that involved both genotype and treatment or session as independent variables, two-way or mixed ANOVAs were conducted followed by simple effects analysis, depending on the statistical significance of the interaction and the main effects. Pre-processing. Analysis was performed using custom-made IDL software and SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/software/spm8). It included: i) motion and slice time correction, (ii) regressing out the six motion functions created in step (i). (iii) spatial smoothing by a three-pointGaussian kernel and band pass filtering (0.01-0.1 Hz) and (iv) normalization to the Paxinos mouse brain atlas.
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Analysis of seed-based correlations. Seed regions of interest (ROIs) were selected within the left and right amygdala. Seed location and volume were preselected based on atlas anatomy (Supplementary Table 1 ). The mean intensity of both seeds was calculated within each time point, resulting in a temporal function for each seed. These functions were then cross-correlated with each voxel's temporal function across the whole brain (12 Â 128 Â 128 voxels). The same procedure was repeated for each subject. Fisher transformation was then applied to the correlation coefficients. Two sample t-tests were performed to obtain between-group P-values for each voxel. 
RESULTS
Baseline characteristics
Ahi1 protein level in whole brains of newborn Ahi1 þ / À mice was decreased by B65% compared with Ahi1 þ / þ mice (t 5.6 ¼ 2.8, P ¼ 0.034; Figure 1 , upper panel). However, in adult mice, although Ahi1 mRNA expression was marginally lower in Ahi1 Supplementary  Figure 1 ), Ahi1 protein levels were not significantly different between genotypes (t 6 ¼ 0.44, P ¼ 0.677; Figure 1 , lower panel). There were no significant differences between genotypes in development, physical characteristics, neurological reflexes, motor abilities, olfaction, visual acuity and hearing (Supplementary Table 2 ).
Endophenotypes related to SCZ and depression Locomotor activity testing has been widely used in modeling the positive symptoms of SCZ. 40 However, as mice with a given gene mutation may show apparently normal locomotor activity because of compensatory mechanisms, a mutant mouse may respond differentially to specific drug challenges. Locomotor hyperactivity induced by psychomimetic drugs such as MK-801 may thus enable detection of subtle shifts in relevant neurotransmitter systems. Loss of normal PPI, both at baseline and following pharmacological challenge with psychomimetics, is widely accepted as an endophenotype of SCZ and considered indicative of b a disrupted sensorimotor gating. 41 Social choice paradigms are commonly used to evaluate social interaction in mutant mouse models relevant to autism as well as to the negative symptoms of SCZ. 42 The forced swimming test is a paradigm commonly used to measure depressive-like phenotypes in rodents. 43 Ahi1 þ / À mice performed similar to control littermates on all four paradigms ( Figure 2 and Supplementary Figure 2 
þ / À mice were significantly less anxious in three classic approach-avoidance anxiety tests based on the conflict that exists in small rodents between a natural exploratory drive and the stress induced by exposure to novel, brightly lit environments. 44 In the OF, Ahi1 þ / À mice spent longer in the anxiety-provoking arena center compared with Ahi1 þ / þ mice (t 11.01 ¼ 4.10, P ¼ 0.002; Figure 3a ). In the dark-light box, Ahi1 þ / À mice spent longer in the anxiety-provoking light chamber compared with Ahi1 
arms of the maze were noted, indicating no effect of genotype on overall sensorimotor function in this task. Similar results were obtained when older mice (aged 4 months) were evaluated (Supplementary Figure 3a) .
Physiological measures. Activation of the HPA axis followed by glucocorticoid secretion is considered to be a universal reaction to stress. 45 Previous studies have demonstrated that the environmental stress induced by exposure to a novel arena during the classic EPM test elicits HPA activation. 46 Using a two-way ANOVA to evaluate effects of genotype and exposure on stress induced by the novel EPM environment, a trend for a genotype Â exposure interaction was evident (F 1,35 ¼ 3.017, P ¼ 0.091; Figure 3d ). Main effect of exposure type (control vs novel environment) was significant (F 1,35 ¼ 7.263, P ¼ 0.011), while the genotype main effect was nonsignificant. Univariate analysis of simple effects revealed that among mice exposed to the novel arena, corticosterone level was significantly lower in the Ahi1 þ / À genotype compared with WT littermates (F 1,35 ¼ 5.606, P ¼ 0.024).
Anxiety induced by exposure to social stress Social interaction in pairs, a paradigm commonly employed for assessment of sociability, can also be used to evaluate anxiety in rodents. 44, 47, 48 In this paradigm, pairs of unfamiliar animals of the same genotype are introduced inside a novel arena, and social behavior is monitored. The net duration of social interaction may be seen as a balance between social curiosity favoring interaction and anxiety (originating from social and possibly environmental stress) discouraging interaction. Anxiety levels as well as social curiosity, which typically exert opposing effects on social interaction, are both expected to decrease during a second encounter the following day with the now-familiar partner. Mixed ANOVA indicated a significant encounter Â genotype interaction (F 1,21 ¼ 6.576, P ¼ .018; Figure 4a ). Post-hoc analysis of simple effects revealed that social interaction time was significantly higher in Ahi1 þ / À mice compared with WT littermates only in the first, more anxiety-provoking encounter (F 1,21 ¼ 11.774, P ¼ 0.003).
Anxiety induced by exposure to visceral stress SIH is considered a consistent physiological measure of anxiety comparable across all mammals. Autonomic activation following exposure to various stress-provoking stimuli is represented by an increase in core body temperature. 44 Notably, the SIH procedure was shown to be effective for detecting genetic variants that confer anxiolytic-like properties. 37 The classical SIH paradigm involves insertion of a rectal probe, which causes rectal distention and elicits an autonomic stress response. The first rectal measurement determines the basal temperature, and also serves as a visceral stress, which induces hyperthermia, detected during a second rectal temperature measurement after 10 min. 37 Using a mixed ANOVA to evaluate effects of genotype on the SIH response, a highly significant genotype Â measurement interaction was noted (F 1,45 ¼ 11.861, Po0.001; Figure 4b ). Post-hoc analysis showed that following insertion of a rectal probe, a significant rise in temperature was observed in WT mice (F 1,28 ¼ 8.4, P ¼ 0.007), while the Ahi1 þ / À mice displayed a significant drop in body temperature (F 1,17 ¼ 4.8, P ¼ 0.043). A significant genotype Â measurement interaction was also obtained when older mice (aged 4 months) were evaluated (Supplementary Figure 3b) .
Trait (baseline) anxiety
The FEP has been proposed as a model of trait anxiety. 35 In this situation, animals are given the opportunity to move around freely within an environment containing both familiar and novel parts. As the animals have a choice between novelty and familiarity, it is expected that individuals with low trait anxiety would exhibit a preference for novelty, whereas high trait anxiety subjects would prefer familiarity. Moreover, evidence shows that the test situation Mice from both genotypes exposed to the novel EPM environment displayed higher corticosterone levels compared with control mice. Post-hoc analysis revealed a significant simple effect of genotype among mice exposed to the novel environment. *Po0.05 compared with novel-environment-exposed Ahi1 þ / þ mice. n ¼ 7-12 mice per group. Data are expressed as mean ± s.e.m. Anxiety induced by centrally acting anxiogenic compounds Acute administration of PTZ and caffeine (which possess antagonistic properties at the GABA and adenosine receptors, respectively) is highly anxiogenic in humans, 49 primates 50 and rodents. 51 The anxiogenic effects are accompanied by activation of the HPA axis leading to increased glucocorticoid production. 52 It has recently been postulated that these drugs exert their anxiogenic effect through direct recruitment of specific neuronal subpopulations, such as the parvalbumin-containing GABAergic interneurons within the basolateral amygdala. 53 Two-way ANOVA with serum corticosterone and treatment (saline vs the anxiogenic compounds) as the independent variables demonstrated a nonsignificant genotype Â treatment interaction (F 2,63 ¼ 0.479, P ¼ 0.622; Figure 4d ). Analysis of main effects revealed a significant treatment effect (F 2,63 ¼ 34.541, Po0.0005), with a nonsignificant genotype effect (F 1,63 ¼ 0.355, P ¼ 0.553).
Brain structure and morphology Gross overview of adult brains did not reveal apparent change in brain volume or structure in Ahi1 þ / À mice ( Supplementary  Figure 2a) . Hematoxylin and eosin-stained paraffin sections showed no deficit in the development of the cerebellum, prefrontal cortex, neocortex, basal ganglia, thalamus, hippocampus and amygdala ( Supplementary Figures 4b and c) . Notably, the mean area of the amygdala, a structure that has been consistently implicated in the process of threat detection, did not differ significantly across genotypes (t 8 ¼ 0.3, P ¼ 0.787, n ¼ 5 mice per genotype).
Functional connectivity during resting state Between-group seed-voxel correlation differences obtained with the left amygdala as the seed indicated that compared with WT mice, Ahi1 þ / À mice displayed significantly decreased connectivity with the ventral hippocampus (VH) and the lateral entorhinal cortex (ERC) ( Figure 5, left panel) . The right amygdala seed in Ahi1 þ / À mice demonstrated decreased connectivity with the substantia nigra, ventral tegmental area and the red nucleus and an increased connectivity with the supramamillary nucleus ( Figure 5 , right panel; Supplementary Table 1 ).
DISCUSSION
The results described above link decreased Ahi1 expression during brain development with an anxiolytic-like profile across several paradigms that involve exposure to environmental, social and visceral stress. Moreover, the behavioral phenotype is correlated with a blunted physiological stress response on exposure to stressprovoking stimuli. However, Ahi1 þ / À mice demonstrated similar anxiety at baseline, and also retained a normal physiological stress response during pharmacological challenge. Evaluation of the role of Ahi1 in the developing nervous system has focused mainly on homozygous knockouts, which exhibit severe neurological phenotypes that resemble human subjects with JS. 17 Although SCZ-related endophenotypes were not evaluated, homozygous Ahi1 neuronal-specific knockouts displayed a depressive phenotype. 27 While the authors found that anxiety-like behavior in homozygous and heterozygous knockouts was similar, behavioral comparison on tests of anxiety to WT mice was not reported. Although comparing extreme phenotypes that are the result of homozygous knockout models may improve chances to reveal a given gene's role, 54 genetic variation that causes minor alterations of gene expression has also been shown to play a major role in susceptibility to mood and anxiety disorders. [55] [56] [57] Therefore, a complementary approach that examines animal models with subtle alterations in gene expression, such as in the current heterozygous knockout model, may bear a close resemblance to genetic mechanisms underlying common psychiatric disorders in humans.
In the current model, Ahi1 protein levels in adult mice did not differ between WT and Ahi1 þ / À mice. Similar results were recently reported in another neuronal-specific knockout model. 27 In contrast to adult mice, in neonates, when Ahi1 expression is at its peak, protein levels were found to be significantly lower in the Ahi1 þ / À mice. These results are in accordance with several other published heterozygous knockout models for neurodevelopmental genes, such as the GAP-43 þ / À mouse, which displays a significant decrease in GAP-43 protein levels in newborns, with a gradual increase to near-normal levels in later life. 58 In this case, the authors suggested that gradual activation of compensatory mechanisms may account for the decline of the knockout effect in adulthood. As Ahi1 is also a neurodevelopmental gene with peak expression during the neonatal period, similar compensatory mechanisms could also be relevant. Interestingly, the fact that Ahi1 mRNA expression was marginally lower in adult heterozygous mice as compared with WT mice could suggest that such compensatory mechanisms operated at a post-transcriptional level, although addressing this issue in more detail is beyond the scope of this manuscript.
Importantly, although the knockout effect at the protein level may be limited to the neonatal period, it could still exert long-term consequences, manifested by altered behavior and neural connectivity at age 2 and 4 months. This finding is in accordance with data from a conditional knockout mouse for the serotonin1A receptor, which revealed that receptor expression in the forebrain during the early postnatal period is both necessary and sufficient to establish normal anxiety-like behavior in the adult. 59 On the basis of these data, the authors speculated that aberrant gene expression during the early postnatal period sets in motion a cascade of events, which leads to long-lasting changes in brain connectivity and altered anxiety-like behavior throughout life. This hypothesis is consistent with current neurodevelopmental theories of anxiety, which highlight the contribution of aberrant gene expression in the developing human brain to neural dysfunction and ultimately anxiety disorders in adults. 60 Understanding the neurobiology of emotion by studying genetic mouse models makes biological sense. 61 Despite transspecies differences, many limbic structures involved in regulating emotion are evolutionarily conserved. 62 During evaluation of anxiety induced by environmental stress (using conflict paradigms such as OF, dark-light box and EPM), Ahi1 þ / À mice demonstrated a consistent anxiolytic-like profile. A similar phenotype was observed when anxiety induced by social stress was evaluated. Moreover, these behavioral phenotypes were correlated with hypoactivation of the HPA axis, a hallmark of the mammalian stress response. Interestingly, the anxiolytic-like phenotype was not limited to external stimuli. Insertion of a rectal probe, which represents a noxious visceral stimulus and typically elicits a sympathetic-induced hyperthermic response, caused hypothermia in the Ahi1 þ / À mice, most prominent among the 2-month-old group. This seemingly paradoxical response could possibly arise from unopposed parasympathetic activation. 63 Namely, vagal stimulation induced by rectal dilatation was not counterbalanced by the expected sympathetic activation that typically accompanies the visceral stress induced by the rectal probe. t value Figure 5 . Differences between amygdala resting-state functional connectivity seed maps of Ahi1 þ / À and wildtype mice. The statistical difference is presented on top of a coronal section of the mouse brain. Voxels with significant positive or negative t-values for the betweengroup difference, corresponding, respectively, to increased and decreased connectivity in Ahi1 þ / À mice compared to wildtypes, are presented in colors (see color bar on the right). Only voxels passing a final corrected P-value of less than 0.05, determined through datadriven clustering, are depicted. The left and right panels illustrate the correlation maps obtained for the left and right amygdalae, respectively (represented by blue ovals). Compared to wildtype mice, Ahi1 þ / À mice display decreased connectivity of the left amygdala with regions within the hippocampus and the lateral entorhinal cortex, while decreased connectivity with the substantia nigra, the ventral tegmental area and the red nucleus and increased connectivity with the supramamillary nucleus is evident for the right amygdala. n ¼ 21 mice (Ahi1 þ / þ ) and 17 mice (Ahi1 þ / À ). AM, amygdala; ERC, lateral entorhinal cortex; HI, hippocampus; MCRV, magnocellular red nucleus; SMN, supramamillary nucleus; SN, substantia nigra; VTA, ventral tegmental area.
Theoretically, sensory impairment or defects in spatial mapping could account for the anxiolytic-like profile displayed by Ahi1 þ / À mice. However, as these mice demonstrate normal vision, hearing, spatial memory and exploratory behavior in various paradigms, such an explanation seems less probable. Alternatively, lower levels of baseline (or trait) anxiety could underlie the anxiolytic-like profile. However, the fact that Ahi1 þ / À mice demonstrated similar levels of trait anxiety in the FEP does not support the above explanation. Another possibility could be an intrinsic inability of Ahi1 þ / À mice to experience anxiety. To address this option, PTZ and caffeine, which are presumed to induce anxiety through direct activation of the amygdala, were administered. As these drugs brought about similar increases in serum corticosterone in both genotypes, it seems reasonable that Ahi1 þ / À mice retain an inherent ability to 'feel' anxious. However, this ability only becomes obvious when deficits in threat detection are bypassed.
The finding that the Ahi1 þ / À mouse displayed an anxietyrelated phenotype is intriguing as the concept of anxiety is not limited to a specific mental disorder. In fact, mood and anxiety disorders comprise an etiologically heterogeneous group of brain disorders with complex genetics and neurobiology. 56 Accordingly, different gene sets were shown to contribute to different symptom dimensions of depression and anxiety. 64 Furthermore, a recent genome-wide association study revealed shared genetic effects among personality traits and mood states, particularly with respect to neuroticism and depressive symptoms. 65 Realizing that definition of clinical phenotypes is not rooted in their neurobiology, the Research Domain Criteria initiative launched by the National Institute of Mental Health aims to adopt a dimensional approach to the study of the genetic, neural and behavioral features of mental disorders (http://www.nimh.nih.gov/ research-funding/rdoc/index.shtml). Accordingly, it encourages the exploration of common and distinct mechanisms of emotional dysfunction within the spectrum of affective and anxiety disorders. 66 This dimensional approach is relevant to genetic mouse models as well. 67 Therefore, the anxiolytic-like phenotype displayed by the Ahi1 þ / À mouse may in fact represent a more general endophenotype related to emotional processing of threatrelated stimuli. This concept is currently explored within the field of anxiety and affective disorders. 68 Anxiety is a complex emotional state associated with elevated autonomic and behavioral arousal and a sustained increase in avoidance behavior. It is most evident in environmental situations characterized by a level of uncertainty, including situations where a conflict between approach and avoidance exists. 69 The physiological and behavioral arousal associated with anxiety states appears to be regulated by a distributed and interconnected system of forebrain and hindbrain structures. Exposure to various anxiogenic stimuli, including novel, conflict-based environments such as those presented by the OF and EPM arenas, induces c-Fos expression within the amygdala, most notably within its basolateral component. 70, 71 In a recent attempt to identify candidate brain regions mediating anxiety-induced activation of the amygdala in an OF arena through application of dual immunohistochemical staining, the ERC and the VH were brought into focus. 72 Interestingly, the ERC is known to contain a neural map of the spatial environment 73 and to project to all fields of the hippocampal formation via the perforant pathway. 74 Based on these findings, the authors suggested that the ERC and VH supply convergent input to the amygdala, thus forming an integrated circuit regulating responses to anxiogenic stimuli. Complementary findings from yet another study using targeted pharmacological deactivation revealed that cautious exploration of a potentially dangerous environment, such as the open arms of the EPM, requires functional integrity of the VH, suggesting a specific role for this region in modulating anxiety-related behaviors. 75 The results obtained by comparing amygdala seed maps between WT and Ahi1 þ / À mice suggest a significant decrease in functional connectivity between the ERC, VH and left amygdala in the latter group. Consistent with the anxiety circuit model described above, these results may offer an explanation at the neurocircuitry level for the anxiolytic-like phenotype displayed by the knockout mice. At the receptor level, this distinct phenotype could be mediated by altered activity of relevant stress hormones and neuropeptides. For instance, corticotrophin-releasing hormone (CRH) acts mainly through the CRH receptor 1 (CRHR1), which is predominant in several brain regions including the hippocampus and amygdala. 76 As the CRH-CRHR1 complex is involved in stress response initiation through modulation of intracellular signal transduction, functional disconnectivity between the amygdala and hippocampus could result in decreased activity of this complex, ultimately leading to hypoactivation of the HPA axis.
Interestingly, when the right amygdala was chosen as the seed, decreased connectivity with the ventral tegmental area and the substantia nigra was evident. Although these highly dopaminergic regions are not classical components of the anxiety-regulating system, published data suggest that cooperative interaction between the amygdala and ventral tegmental area facilitates memory consolidation in inhibitory avoidance learning. 77 Although not measured directly, exploration of an unfamiliar environment in the approach-avoidance paradigms outlined above contains elements of this learning type. 78 For instance, the EPM involves acquisition of spatial memory related to exploration and eventually avoidance of potentially dangerous areas of the maze open arms. Hence, a defect in this task could lead to repeated entries into anxiety-provoking zones, as displayed by the Ahi1 þ / À mice. With respect to the substantia nigra, degeneration of its dopaminergic neurons, a hallmark of Parkinson's disease, is often associated with anxiety. 79 The fact that different results were obtained depending on whether right or left amygdala were chosen as seeds is not surprising, as amygdalar laterality following processing of various external stimuli has been observed in both humans 80 and rodents. 81 The possibility that alterations in the strength of functional connections within a specific integrated circuit underlie the anxiolytic-like phenotype displayed by the knockout mice is in line with recent data from both humans and rodent studies. According to this data, the degree to which the amygdala is coupled with various cortical regions at rest may influence emotional responses when the organism is challenged with different stimuli. 82 Moreover, a recent study in humans found evidence linking personality characteristics, such as trait anxiety, with the functional connectivity of specific networks within the resting brain. 83 Thus, the mutant mouse's phenotype could possibly reflect a genetic variant that confers resilience to environmental stress. This hypothesis is in accordance with current views of neural mechanisms underlying stress resilience and vulnerability, which highlight the interplay between specific genetic variants and epigenetic effects. 84 Limitations of the current study include the fact that Ahi1 expression as well as behavioral phenotyping were not evaluated at additional developmental time points. As Ahi1 is a key neurodevelopmental gene, and neurodevelopmental changes in the brain continue into adolescence, such future evaluation can be highly informative. Moreover, as considerable sex differences in anxiety-like behavior in genetically modified mouse lines have been reported, it should be noted that the present findings relate to males only, and that further evaluation of gender Â genotype interaction is warranted. As a functional variant in the AHI1 gene associated with neuropschiatric disorders has not yet been identified, and there is preliminary evidence suggesting that both loss-and gain-of-function may account for the increased disease risk, 29, 30 future evaluation of mice overexpressing the Ahi1 gene is indicated. Also important to note is the fact that assessment of SCZ-related behavior focused mainly on positive symptoms, with only limited data obtained regarding autistic features and negative symptoms of SCZ. It should also be noted that the mutant mice were backcrossed into C57BL/6 mice for five generations, which may not be sufficient for arriving at a homogenous genetic background. Therefore, it is important that future studies collecting data over eight generations substantiate the current results.
The idea that the early postnatal period is a critical time for the establishment of lifelong anxiety behavior has considerable support. Pathogenic effects of genetic polymorphisms combined with environmentally induced changes to the epigenome may persistently influence neuronal growth, neuronal plasticity and neuroendocrine systems underlying the response to stress, thus determining functional aspects of brain and behavior throughout life.
85 AHI1 influences several key signaling pathways that are involved in these neurodevelopmental processes, including the BDNF-TrkB pathway and the canonical Wnt pathway. 86 Hence, the results of the current study suggest that modulation of these pathways could provide a novel target for the treatment of mood and anxiety disorders.
In summary, we present evidence that under-expression of the Ahi1 gene during neurodevelopment brings about relative resilience to various stressors during adulthood. This resilience is manifested by an anxiolytic-like behavioral phenotype, accompanied by a blunted response of the autonomic nervous system and the HPA axis. Functional disconnectivity between the amygdala and other brain regions involved in processing of anxiogenic stimuli and possibly also in inhibitory avoidance learning is suggested as an underlying mechanism for this phenotype. Taken together, our data could be seen as evidence linking Ahi1 underexpression with a defect in the process of threat detection. Alternatively, the results could be interpreted as representing an endophenotype related to stress resilience and vulnerability. The current knockout model highlights the contribution of translational approaches to understanding the genetic basis of emotional regulation and its associated neurocircuitry, with possible relevance to personality traits and anxiety disorders in humans.
